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In Brief
Close et al. show high rates of
morphological evolution and disparity in
Mesozoic mammals during the Early to
Middle Jurassic—evidence of a major
adaptive radiation. Rates were generally
low following this interval. Morphological
rates at the origin of Theria were
especially high, but subsequently
remained low, despite taxonomic
diversification.
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A series of spectacular discoveries have transformed
our understanding of Mesozoic mammals in recent
years. These finds reveal hitherto-unsuspected eco-
morphological diversity that suggests that mammals
experienced a major adaptive radiation during the
Middle to Late Jurassic [1]. Patterns of mammalian
macroevolution must be reinterpreted in light of
these new discoveries [1–3], but only taxonomic
diversity and limited aspects of morphological
disparity have been quantified [4, 5]. We assess rates
of morphological evolution and temporal patterns of
disparity using large datasets of discrete characters.
Rates of morphological evolution were significantly
elevated prior to the Late Jurassic, with a pro-
nounced peak occurring during the Early to Middle
Jurassic. This intense burst of phenotypic innovation
coincided with a stepwise increase in apparent
long-term standing diversity [4] and the attainment
of maximum disparity, supporting a ‘‘short-fuse’’
model of earlymammalian diversification [2, 3]. Rates
then declined sharply, and remained significantly low
until the end of the Mesozoic, even among therians.
This supports the ‘‘long-fuse’’ model of diversifica-
tion in Mesozoic therians. Our findings demonstrate
that sustained morphological innovation in Triassic
stem-group mammals culminated in a global adap-
tive radiation of crown-group members during the
Early to Middle Jurassic.
RESULTS
Quantifying rates of morphological evolution is crucial for inter-
preting macroevolutionary events in deep time, especially when
assessing potential adaptive radiations [6–8]. Contrary to the
traditional view that Mesozoic mammals were exclusively small,
generalized insectivores [9, 10], discoveries in the last two de-
cades, especially from China, have demonstrated that they
were adapted for diverse feeding and locomotor ecologies
[11]. These finds extend the early mammal repertoire to include
digging [12, 13], climbing [14], gliding [15], and swimming
[16, 17] and show that some non-therian lineages achieved
surprisingly large body sizes (up to approximately 1 kg [18]).Current Biology 25, 2137–Much of this morphological diversity appeared rapidly in a
Middle Jurassic ‘‘wave of diversification,’’ first recognized by
Luo [2, 3, 19] and interpreted as a major adaptive radiation
by Meng [1]. The hypothesis of adaptive radiation makes
several quantitatively testable predictions, including the occur-
rence of high early rates of lineage diversification and pheno-
typic evolution, leading to substantial increases in taxonomic
diversity and morphological disparity [8]. Rigorous statistical
analyses have demonstrated substantial increases in mammal
diversity during the Middle Jurassic [4]. However, co-occurring
rates of phenotypic evolution and their relation to observed
patterns of disparity have not been explored using quantitative
analyses.
Rates of Morphological Evolution
Few studies quantify patterns of morphological evolution in
Mesozoic mammals, and none rigorously analyze rates of
morphological evolution across more than two species [20].
Across Mesozoic mammals as a whole, patterns of disparity in
feeding ecomorphology have been quantified via geometric
morphometric analysis of mandibular outline morphology
coupled with linear measurements and qualitative categorization
of tooth morphology [5], while linear measurements have been
used to characterize locomotor ecology [11]. Analyses of dental
complexity and body size have thrown light on the Late Creta-
ceous diversification of multituberculates [21]. Large datasets
of discrete characters, by contrast, can potentially provide a
more comprehensive overview of the morphological transforma-
tions that occur during major evolutionary transitions, as they
document anatomical changes occurring throughout the skel-
eton, including many comparisons not amenable to continuous
measurements [6, 22, 23].
Several recent studies evaluated rates ofmorphological evolu-
tion by co-opting rich datasets of discrete characters originally
constructed for phylogenetic inference [6, 20, 22–28]. This
emerging technique has yielded stimulating results and could
significantly advance our understanding of macroevolution.
However, little consideration has thus far been given to potential
limitations of this approach. Two key biases may affect esti-
mates of rates or disparity based on morphological datasets
constructed for phylogenetics: (1) unrepresentative inclusion of
taxa and (2) unrepresentative formulation or inclusion of charac-
ters. Either bias could result from researcher-specific choices
introduced during dataset construction, from community-wide
historical research efforts (e.g., an emphasis on documenting
the assembly of therian dentitions), or from biased availability
of specimens and taxa in the fossil record. We countered these2142, August 17, 2015 ª2015 Elsevier Ltd All rights reserved 2137
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biases using a range of sensitivity analyses, including taxonomic
jackknifing procedures and the investigation of alternative
source datasets, including those focused on non-therian mam-
mals (see the Supplemental Information). Scaling of branch du-
rations in trees can also impact rate estimates. We addressed
this by using multiple tree-scaling methods bracketing a wide
range of divergence times for key mammalian nodes.
Our principal rates and disparity analyses were performed on
the morphological character matrix of Zhou et al. [29], but sensi-
tivity analyses performed on several other datasets show that
these results are representative (see the Supplemental Informa-
tion). Performing separate significance tests for rates along inter-
nal and terminal branches (DRYAD Figure S7) did not substanti-
vely affect the observed patterns, suggesting that our results are
not biased by the exclusion of autapomorphies (a unique feature
of terminal branches that are rarely sampled by phylogenetic
character matrices).
Mammals were characterized by significantly elevated rates of
morphological evolution for the first one-third to one-half of their
history under all iterations of our analyses (Figure 1). This was
found both using the full dataset and using only dental charac-
ters and whether or not the divergence times of phylogenetic no-
des were estimated using morphological clocks (based on the
posterior tree sample generated by BEAST 2; e.g., [30]) or other
algorithmic time-scaling methods applied to randomly sampled
most-parsimonious trees (MPTs) (see the Supplemental Re-
sults). The same patterns were also recovered by sensitivity
analyses that excluded highly complete (Lagersta¨tten) taxa and
that jackknifed the taxonomic dataset via repeated, random sub-
sampling without replacement.
Evolutionary rates were estimated using BEAST 2 and the
R package Claddis [31]. In Claddis, ancestral character states
were first estimated via maximum-likelihood methods, allowing
evolutionary rates for each branch of the time-scaled tree to be
calculated based on the total number of inferred character
changes, corrected for missing data. Likelihood-ratio tests
were then used to identify branches with significantly higher or
lower rates than the pooled rate for the rest of the tree. Our
main-text figures show results for the full dataset, excluding
non-mammalian cynodonts, using the posterior sample of trees
obtained from a Bayesian morphological clock analysis per-
formed with BEAST 2 (for results including non-mammalian cyn-
odonts, see the Supplemental Results and DRYAD Figures S2–
S6; for dental characters only, see DRYAD Figures S40–S42).
This method provides the greatest congruence with molecular
clock estimates of crown-mammalian and therian divergenceFigure 1. Morphological Rates, Disparity, and Phylogenetic Lineage D
(A) Maximum clade credibility (MCC) tree calculated from the posterior tree sa
morphological character dataset of Zhou et al. [29] for Mesozoic and extant mam
Encircled numbers denote key clades. The heatmap shows median rates of phen
with topology and branch lengths (red indicates fast rates, blue slow). Node
Silhouettes are from http://www.phylopic.org.
(B) Time-series ‘‘spaghetti’’ plot showing significantly fast (red) or slow (blue) ra
methods via analysis of 100 trees from the Bayesian posterior sample generated b
inferred to be insignificantly different to the pooled average. Each line represents
Rates prior to the Triassic have been omitted as the data were deemed insufficie
(C) Weighted mean pairwise disparity (WMPD) estimated for epoch-level bins fro
fidence intervals.
(D) Phylogenetic lineage diversity counted directly from the phylogeny (i.e., the s
Current Biology 25, 2137–times [32] and integrates topological uncertainty (Table S1;
DRYAD Figures S34–S37). Maximum rates of phenotypic evolu-
tion occurred near the Early/Middle Jurassic boundary (‘‘mid-
Jurassic’’). Subsequently, in the early Late Jurassic, rates
declined and remained significantly low until the end of the
Mesozoic. Small but statistically insignificant peaks occur during
the Cretaceous. High Early to Middle Jurassic rates do not solely
reflect evolution of the therian stem group, as elevated rates also
occur in australosphenidans (the monotreme stem group) and
multituberculates (Figure 1A). Critically, analysis of the matrices
of Yuan et al. [33] and Krause et al. [34], which primarily docu-
ment the evolution of allotherians, including multituberculates
(clades that are poorly sampled in our focal matrix), confirms
that high Early to Late Jurassic rates of evolution were not
confined solely to the therian stem lineage (DRYAD Figures
S12–S17).
Elevated rates could be an artifact of the density of sampling of
phylogenetic lineages. Phylogenetic lineage diversity counted
directly from the phylogeny (i.e., the sum of observed taxa and
ghost lineages within intervals) shows two peaks, one in theMid-
dle Jurassic and another in the Early Cretaceous (Figure 1D). The
Early Cretaceous peak is not associated with high rates, indi-
cating that although Middle Jurassic mammals are proportion-
ally over-sampled in the phylogenetic dataset, this is unlikely to
have inflated our estimates of their evolutionary rates.
Multituberculates underwent a substantial Late Cretaceous
radiation as measured by dental complexity [21] but are insuffi-
ciently sampled in our focal matrix. Therefore, we also analyzed
one dataset that explicitly targets multituberculates and another
that targets allotherians more generally (those of Yuan et al.
[33] and Krause et al. [34], respectively; see the Supplemental
Results). These analyses did not find consistent statistical sup-
port for elevated rates in Cretaceous multituberculates and
recovered essentially static levels of disparity from the Late
Jurassic to the Eocene.
Most internal branches along the backbone of the tree be-
tween crown Mammalia and Boreosphenida show significantly
elevated rates of phenotypic evolution. However, Theria only
saw significantly fast rates of evolution during its origin in the
Middle Jurassic, with greater support for fast rates at the root
of Eutheria than at the root of Theria. When rates are inferred
simultaneously with phylogeny and divergence times using a
Bayesian morphological clock approach, the fastest rates on
the tree are found to occur along the branch leading to Theria
(12.8 times faster than the mean rate, calculated from the
MCC tree). The second fastest rate occurs along the branchiversity in Mesozoic Mammals
mple obtained via a Bayesian morphological clock analysis of the complete
mals (non-mammalian cynodonts and extant taxa not shown), using BEAST 2.
otypic evolution (percent character change per Ma) estimated simultaneously
bars indicate 95% highest-probability densities for node divergence times.
tes of phenotypic evolution, inferred with Claddis using maximum-likelihood
y BEAST 2 (age-level time bins). Gray points represent bins for which rates were
the analysis of a single chronogram from the Bayesian posterior tree sample.
nt for reliable estimates.
m the discrete morphological character data. Error bars represent 95% con-
um of observed taxa and ghost lineages within intervals).
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leading to Eutheria (8.7 times faster than the mean). Both of
these branches are short, which increases the likelihood of infer-
ring fast rates. However, branches leading to successive out-
groups of Theria are similarly short but are not characterized
by especially elevated rates. Conversely, the slowest rates in-
ferred are 28.2 times slower than the mean. Fast rates on the
branches leading to Theria and Eutheria could result from a sys-
tematic bias toward documenting the evolutionary assembly of
therian dentitions and anatomy by previous workers. However,
this potential bias is not driving the overall pattern of high early
rates as the ages of basal therian and eutherian nodes are
younger than the Early/Middle Jurassic peak in mammalian
time series rates (Figure 1).
Disparity, quantified from the discrete character data as the
within-interval weighted mean pairwise dissimilarity, increased
through the Late Triassic and Early Jurassic. Maximum disparity
was attained in the Middle Jurassic, coincident with maximum
rates of evolution, and subsequently declined through the Upper
Jurassic, Early Cretaceous, and into the Late Cretaceous. How-
ever, disparity is likely to be underestimated for the Late Creta-
ceous due to the omission of multituberculates from this interval
(see below).
DISCUSSION
An intense burst of morphological innovation among Early to
Middle Jurassic mammals was integral to the origin of crown-
group Mammalia and resulted in the rapid appearance of
anatomically distinctive order- or family-level lineages. These
include eutriconodontans, multituberculates, docodontans,
shuotheriids, australosphenidans, amphitheriids, and other cla-
dotherian groups such as dryolestoids [35], metatherians, and
eutherians [3]. This burst not only generated high levels of eco-
morphological diversity [1–3, 5], but also coincided with the
acquisition of key mammalian features of the dentition, middle
ear, and shoulder girdle [2, 3, 19, 36]. This pattern is consistent
with the ‘‘short-fuse’’ model of Middle Jurassic diversification
proposed by Luo [2, 3] (usage of the term referring to a combina-
tion of ecomorphological and taxonomic diversification) and
closely mirrors the bursts in rates associated with major shifts
in ecomorphology observed in post-Palaeozoic echinoids [23],
suggesting that such bursts may be commonly associated with
the exploration of ecospace in novel adaptive zones. Morpho-
logical disparity, based on discrete anatomical characters, also
peaked in theMiddle Jurassic, coincidingwith a peak in phyloge-
netic lineage diversity, but preceding the Late Jurassic peaks in
mandibular/dental disparity [5] and subsampled taxonomic
diversity [4] estimated from the fossil record. This disjunction is
most likely due to the temporal extension of ghost ranges for
the diverse mid- to Late Jurassic fauna by our stratigraphic
calibration methods.
Although evolutionary rates fell sharply at the beginning of
the Late Jurassic, standing diversity [4] and mandibular/dental
disparity [5] remained high until the mid-Cretaceous (an interval
that saw a loss of dental diversity that was not immediately re-
placed); later peaks in standing diversity and mandibular/dental
disparity are not associated with elevated rates of morphological
evolution in our analyses. Notably, the second peak in phyloge-
netic lineage diversity during the Early Cretaceous coincides2140 Current Biology 25, 2137–2142, August 17, 2015 ª2015 Elseviewith significantly slow rates. This suggests that ecomorphologi-
cal evolution and taxonomic diversification, which were closely
coupled during the mid-Jurassic radiation, were decoupled dur-
ing subsequent evolution. Decoupled rates of morphological
evolution and taxonomic diversification have also been observed
in the later stages of Cenozoic mammal radiations [37].
The tribosphenic molar is frequently cited as a key innovation
of therian mammals [2, 38, 39]. The occurrence of exceptional
rates of morphological evolution at the deepest therian
divergences is consistent with this hypothesis. Nevertheless,
slow morphological and body-size evolution among post-mid-
Jurassic therians is consistent with qualitative interpretations
suggesting a ‘‘long fuse’’ of therian diversification [1, 3]. The
disparity analysis of Grossnickle and Polly [5] also found that
therians did not experience a substantial radiation until the
Cretaceous Terrestrial Revolution (KTR).
The early-burst pattern of Mesozoic mammalian evolution
(perhaps more accurately described as a ‘‘delayed early burst’’;
cf. Hopkins and Smith [23]) closely mirrors patterns associated
with the origins of other major vertebrate groups, including
lungfishes [6], tetrapods [27], amniotes [40], archosaurs [28],
and birds [30, 41]. These patterns are consistent with the occur-
rence of large-scale adaptive radiation (sensu Osborn [42] and
Simpson [43]), as is the observation of parallel, evolutionarily
independent invasions of ecological niches [8]. Independent
acquisition of similar dental and cranial characters by multiple
mammalian lineages occurred during the Early/Middle Jurassic,
including the convergent origins of mortar-and-pestle dental
types in australosphenidans, shuotheriids, and boreospheni-
dans; of multifunctional teeth in docodontans; and of the inner-
ear cochlear coiling in cladotherians andmonotremes [44]. Rates
ofmorphological innovation were not significantly elevated again
until the radiation of placentals in the early Cenozoic.
Explanations for adaptive radiation in mid-Jurassic mammals
remain conjectural. Adaptive radiations are driven by ecological
opportunity due to the invasion of new habitat, the extinction
of incumbents, or the acquisition of a key innovation [45]. One
possibility is that this burst of morphological evolution was tied
to the breakup of Pangaea, which began in the Early to Middle
Jurassic; another is that it was initiated by the acquisition of a
‘‘critical mass’’ of key anatomical or physiological innovations,
which had been steadily accruing since the origin of themamma-
lian lineage and earlier, in the non-mammalian cynodonts. What-
ever the cause, this burst of rapid evolution in the mid-Jurassic
burst resulted in the origin of most of themajor groups that would
go on to dominate mammalian diversity through the remainder of
the Mesozoic.EXPERIMENTAL PROCEDURES
Morphological Dataset and Phylogenetic Analyses
For simplicity, we use the term ‘‘mammal,’’ rather than ‘‘mammaliaform,’’ to
refer to the common ancestor of Sinoconodon, living mammals, and all its de-
scendants. Primary analyses were performed on the morphological character
matrix compiled by Zhou et al. [29], comprising 110 taxa and 475 characters,
including Mesozoic, Cenozoic, and extant taxa. Although this dataset repre-
sents the most thoroughly sampled matrix in terms of taxonomic coverage,
additional morphological character matrices were used to determine sensi-
tivity to taxonomic and character composition (see the Supplemental Experi-
mental Procedures).r Ltd All rights reserved
Primary analyses were run on the posterior tree sample obtained from a
Bayesian morphological clock analysis of the Zhou et al. [29] dataset using
BEAST 2.1.3 [46], rooted on the non-mammalian cynodont Thrinaxodon.
XML input files for BEAST 2 were generated using the R package BEASTmas-
teR [47]. The BEAST 2 analysis was repeated four times to ensure that statio-
narity (convergence) had been reached. In addition tomorphological character
data, stratigraphic information was provided in the form of tip ages for terminal
taxa. The Mk model of morphological character evolution for unordered char-
acters was used. A four-category gamma distribution for among-site rate vari-
ationwas used, and the BDSKY (Birth Death Skyline) treemodel was specified.
A random starting tree was used. A root prior was not specified. The MCC tree
was calculated, which includes median estimates of rates of character evolu-
tion. Additional sensitivity analyses (see the Supplemental Experimental
Procedures) were performed on sets of algorithmically scaled MPTs from
parsimony analyses using PAUP* 4.0b10 [48]. Post-Mesozoic taxa were drop-
ped from all trees and morphological datasets prior to conduction of further
analyses.
Rates of Morphological Evolution
Rates of morphological evolution were inferred using two methods: (1) in
BEAST 2, simultaneously with topology and branch lengths/divergence dates,
and (2) with maximum-likelihood methods on 100 randomly selected trees
drawn from the posterior sample obtained from BEAST 2 using the function
DiscreteCharacterRate in R package Claddis [31]. Claddis reconstructs
ancestral character states using maximum likelihood and identifies branches
with significantly higher or lower rates than the pooled rate for the rest of the
tree via likelihood-ratio tests. Time-series ‘‘spaghetti’’ plots were generated
to show the temporal variation in rates, binned by stage. Claddis routines
were also performed on randomly drawn MPTs, time-scaled algorithmically
using theminimumbranch length (MBL) method (see the Supplemental Exper-
imental Procedures).
Disparity Calculations
Morphological disparity curves were calculated from the discrete morpholog-
ical character data for epoch-level time bins using WMPD. First, the
maximum observable distance (MOD) dissimilarity matrix was calculated in
R using the Claddis function MorphDistMatrix. Within-bin WMPD was then
calculated as:
P
D3C
P
C
;
where D is the upper triangle of the matrix of pairwise dissimilarities and C is
the upper triangle of the matrix of comparable characters. WMPD thus places
greater importance on dissimilarities based on many comparable characters.
WMPD is robust to sample-size variation [49] and is superior to methods that
involve ordination of the character data (e.g., with principal coordinates anal-
ysis) and calculation of multivariate variance, as taxa lacking any comparable
characters need not be deleted [50, 51]. Bootstrapped 95% confidence inter-
vals were calculated for WMPD.
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